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1. Electrode Studies 
1. 1 Silver Oxide Electrode 
1 .1 .1  Single Crystal  Prepara t ion  
A n  electrolytic method was used to anodically grow star t ing 
ma te r i a l  fo r  the subsequent preparat ion of s i lver  oxide surfaces .  
A graphite rod (6  in. long, 7 in. d iameter )  anode was enclosed in 
a glass  sheath (9mm 0 .  d. ) with a 5 m m  diameter  hole on one side. 
Electrolysis of 2M si lver  n i t ra te  solution a t  25 C with a d. c. power 
supply (IP- 12 Heath Battery Eliminator) was accomplished with a 
s ta inless  s tee l  cathode (2 cm x 10 cm)  in a 250 ml beaker. 
shiny c rys ta l s  (more  than 1 cm long and up to 5 mm diameter)  w e r e  
produced at cur ren ts  of 65-75mA (approximate cur ren t  density, 250- 
300 mA/cma).  Other s izes  of holes on the anode glass  sheath (1 and 
3 mm diam. ) w e r e  tried.  However, the 5mm diam. hole turned out 
to be mos t  favorable for  the production of l a r g e  crystals .  
1 
0 
Black, 
According 
r 
J. Brown, Trans.  A m .  Electrochem. SOC. (1916) 
s i lver  n i t ra te  solution i s  electrolyzed between 
insoluble electrodes,  s i lver  is deposited a t  the cathode and s i lver  
peroxynitrate (Ag,08 NO3) is deposited a t  the anode, there  being 
presumably a simultaneous formation of ni t r ic  acid at the anode a s  in the 
reaction: 
Eqn. 1 
1 .1 .2  Anode Reactions 
The effect of cu r ren t  density was studied by gradually increasing 
the cu r ren t  in the sys t em descr ibed above (Sec. 1. 1. 1) together with 
simultaneous measurement  the potential drop between the graphite anode 
and the re ference  electrode of pu re  s i lver  wire .  
var ied f r o m  800 m V  for  a cur ren t  of 1 m A  to 930 m V  for  100 mA. 
The anode potential 
1 
Potential data a r e  insufficient to distinguish discontinuities o r  slope 
changes. However, a t  cur ren ts  less  than 5 m A ,  only gas (believed to 
be oxygen) evolved. 
c rys ta l s  grew and gas evolved a t  the s a m e  time. 
than 80mA, gas evolved rapidly and the carbon anode disintegrated 
rapidly. 
F o r  cur ren ts  ranging f r o m  5 to about 80 mA, 
At currents  grea te r  
Some support  for  Eqn. 1 as a par t ia l  anode reaction was obtained 
by measurement  of the change of pH of the solution during the c rys t a l  
growth. The pH decreased  a s  the c rys ta l s  grew, varying f rom 5 . 5  to 
1. 0,  i. e. , the solution became m o r e  acidic. 
1 .1 .3  Thermogravimetr ic  Analysis of anode product 
To find out the composition of the black shiny crystal ,  a crude 
thermogravimetr ic  analysis was obtained f r o m  measurements  of 
weight l o s ses  during gradual heating up to about 1000 C. 
c rys ta l s  w e r e  put in a porcelain crucible  (2 .6  c m  in height and 3 c m  
in diameter  at the top opening) with a porcelain cap and w e r e  heated 
gradually in an e lec t r ic  furnace. 
0 Sample 
Initial weight l o s s  determinations indicated a rapid onset of 
0 crys ta l  crumbling above 100  C with attendant ejection loss of ma te r i a l  
f r o m  the crucible.  Accordingly, the above-mentioned crucible  was 
seated inside another l a r g e r  crucible with a cap. 
l o s ses  occurred;  f i r s t  at 110 C (typically 200 mg for  a 2. 5 g m  initial 
c rys ta l  weight) followed by a l a rge r  l o s s  (typically 280 mg) for  heating 
above 400 C. The res idue  f r o m  heating above 960 C was drops of once 
molten s i lver .  
the assumptions that (i) the c rys ta l s  consis t  of s i lver  and oxygen, (ii) as 
the tempera ture  is  ra ised,  the c rys t a l  ultimately loses  a l l  oxygen leaving 
metal l ic  s i lver .  
c rys ta l  was  estimated to be Agol. 
res idue following the 110 C los s ,  the ratio of s i lver  to oxygen was 
calculated to be 1 to 1. 04 (approximately 1 to 1,  i. e. ,  Ago). F o r  
Two major  weight 
0 
0 0 
The composition of the c rys ta l  was then calculated on 
Based on the initial weight, the composition of the 
On the basis of the weight of the 
0 
2 
comparison, commercial ly  prepared  Ag, 0 powder was analyzed in the 
s a m e  way. The s i lver  to oxygen rat io  was measured  a s  1. 94 i. e. within 
3% of the expected rat io  of 2. 0, thus indicating that the relatively c rude  
thermogravimetry with d i sc re t e  cooling and weighing s teps  was reason-  
ably accurate .  
using a l inear  var iable  differential t ransformer  as the weight transducing 
element. 
to be a useful method for  determining conversion efficiency. 
1. 1 .4  
A continuously recording sys t em is being constructed 
Thermogravimetry of s i lver-zinc battery cathodes may  prove 
S t ruc ture  Determination of Anode Product. 
X-ray diffraction studies of powder prepared  by crushing the ( 
brit t le shiny black anode product w e r e  performed by Dr .  Me1 Robin 
of Bell Telephone Laborator ies .  The pat tern matched that of s i lver  
peroxynitrate,  Ag708 NO, a cage clathrate  type of salt. 
peroxynitrate composition corresponds to  an apparent silver-oxygen 
compound of composition Ag01,7, in f a i r  agreement  with the resu l t s  of 
thermogravimetry (Sec. 1. 1.3).  
) 
The s i lver  
It is suspected that the metal l ic  conductivity Ag;08 NO, is due 
to an electronic t ransi t ion between two simultaneously existing oxidation 
s ta tes  i. e. mono and divalent s i lver  ions in the s a m e  c rys t a l  unit cell. 
The possibility fo r  the existence of s imi l a r  types of compounds as 
oxidation products in anodic oxidation processes  may be of considerable 
imp0 r tanc e to battery technology e 
1.1 .5  Chemical Stability of Silver Peroxyni t ra te  
The c rys t a l  dissolved entirely in acid solutions such as n i t r ic  
(up to 14N) ,  sulfuric (up to 36N) and hydrochloric (to 0 ,  1N). 
has pointed out that Ago  dissolves  in n i t r ic  acid to  give a dark brown 
solution which is fa i r ly  s table  in the cold. 
experimentally confirmed with the crystal .  
Di rkse  
The s a m e  behavior was 
T. P. Dirkse,  J. Electrochem. SOC. V106 ( 1 9 5 9 1  
According to  Brown , s i lver  peroxynitrate can undergo reaction 1. 
in water  according to the sequence cf Sec. 1. 1. 1 . 1 
3 
This reaction is  the basis of the present  approach to produce 
l a rge  usable  surfaces  of Ago f r o m  the black anode product s i lver  
peroxynitrate. In acids ,  however, the Ago may exist  a s  a t ransient  
species ,  giving r i s e  to Ago behavior as mentioned above for n i t r ic  
acid. 
F o r  acids,  the higher the concentration, m o r e  rapid the d is -  
solution. In sulfuric acid, the react ion products included a greenish- 
black colloidal dispers ion which simultaneously dissolved. 
of this substance is  unknown. 
surface which changed color slowly to purple  and dissolved after standing 
for  a few days. It is suspected that this product is AgC1, lending credence 
to the existence of monovalent s i lver  ion as  pa r t  of the reaction scheme 
shown in Eqn. 2. 
The nature  
In HC1, a white layer  formed on the c rys ta l  
Finally, the c rys t a l  was very  s table  in alkaline solutions showing 
no significant change in either appearance o r  weight. 
1 .1 .6  Leaching of Silver Peroxyni t ra te  
Leaching of the c rys ta l  in boiling distilled water  was performed to 
obtain a complete s i lver  (11) oxide c rys t a l  for  application to studies of the 
equilibrium electrode potential. 
Eqn. 2 is needed for determination of the mechanical aspects of the Ago 
t product. 
quantitatively by the Volhard method (t i tration with CNS- using f e r r i c  
ammonium sulfate solution a s  indicator in n i t r ic  acid medium). 
of leaching in hot water  the black, shiny c rys ta l s  tarnished to a dull 
appearing surface.  
los t  1 5 . 6  x 10-5mol of s i lver  ion a s  a r e su l t  of one-hour leaching in hot water .  
Returned to f r e s h  water ,  the c rys ta l  l o s t  an additional 4. 0 x 1 0 - 5 m ~ l  Agt 
in the second hour and 1. 2 x 10-5mol Ag 
The decreasing r a t e  of s i lver  loss indicates an approach to either completion 
Some idea of the kinetic behavior of 
The r a t e  of dissolution of Ag ion out of the c rys ta l  was detected 
As a resu l t  
A s i lver  peroxynitrate c rys t a l  initially weighing 0. 1323gm 
t during the third hour of leaching. 
4 
o r  a steady s ta te  for  the reaction shown in Eqn. 2. Fur ther  survey 
diagnostic tes t s  w e r e  based on the thermogravimetr ic  resu l t s  reported 
in Sec. 1. 1. 3. The original c rys t a l  c rumbles  a t  110 C y  while s i lver  (11) 
oxide c rys ta l  decomposes at  about 400 C. Hence, if the original c rys t a l  
was completely leached with no content of Ag,08NOs, it should not crumble 
upon heating a t  110  C. 
0 
0 
0 
In a s e r i e s  of black c rys ta l s  of near ly  the s a m e  
0 size,  leaching for  0. 5 hour resul ted in rapid decomposition a t  110  C. This 
observation supports the notion of complete reaction according to Eqn. 2. 
The speed of total  c rys t a l  leaching, even f o r  solid s ta te  diffusion at  110 C, 
is surpr is ingly large.  
feasible. 
being studies for  sur face  roughness estimation. 
in p rogres s  to quantitatively a s s e s s  the degree  of conversion f r o m  
resis t ivi ty  measurements  ( see  Sec. 1. 1.7) .  
1 .1 .7  
0 
The preparat ion of Ago electrodes thus s e e m s  
The microscopic  s t ruc ture  of the leached crys ta l  is present ly  
Experiments a r e  a lso 
Electr ical  Resistivity of Silver Peroxyni t ra te  
The regular  c r o s s  section of the cent imeter  long needle c rys ta l s  of 
s i lver  peroxynitrate permit ted good estimation of the resis t ivi ty  f r o m  
simple res i s tance  measurements .  
channels milled into the sur face  of a luci te  block. 
at  the ends of channel provided electr ical  contact. 
c i rcui t  was used together with measurement  of the potential drop a c r o s s  the 
crystal .  The resu l t s  of s eve ra l  r epea t  measurements  for s eve ra l  different 
crystals ,  gave resis t ivi t ies  (based on the slope of the current-potential  
curve for  cu r ren t  approaching ze ro )  
25OC. A non-linear current-vol tage behavior observed as  cur ren t  
increased  may be due to heating of the c rys t a l  and deserves  fur ther  study. 
F i r s t  resu l t s  of leaching studies (Sec. 1. 1 . 6 )  a r e  for  a c rys ta l  with an 
initial res is t ivi ty  of 0. 042 ohm cm. 
hour resul ted in a resis t ivi ty  of 32. 9 ohm cm. 
hour produced an inc rease  to 91.7 ohm c m  (25 C). Simultaneously, a 
dec rease  in the r a t e  of s i lver  removal  was noted. 
The c rys ta l s  w e r e  placed in shallow 
Mercury pools located 
A s imple constant cur ren t  
ranging f r o m  0 . 0 2  to 4 .5  ohm cm at  
0 
Leaching in hot water  (100 C) for  one 
Fur the r  leaching for  one 
0 
Work is needed in 
5 
correlat ing the r a t e  pe r  unit a r e a  of Eqn. 2,  the resis t ivi ty  and density 
variation and the tendency to rapidly decompose a t  110 C as noted in the 
descussion of thermogravimetry (Sec. 1. 1.3). The leached crys ta l  
retains the shape of the s tar t ing substance although in one instance, a needle 
shape separated into two needles joined a t  a common base, suggesting 
leaching attack along a preferent ia l  direction, possibly a twin plane. 
0 
1. 1. 8 Equilibrium Electrode Pot  entia1 
Many interesting s ide lights of the s i lver  peroxynitrate c rys ta l s  have 
However, the main goal i s  to obtain s i lver  oxide surfaces  been uncovered. 
of c lear  a r e a  definition fo r  study of e lectrode reactions pertaining to the 
s i lver  battery electrode. 
respec t  to I the s tandard mercu ry -mercu r i c  oxide re ference  electrode in 
2M KOH was  followed for  s eve ra l  c rys ta l s .  
behavior, a commercial ly  prepared  Ag,O powder electrode yielded fair ly  
constant potential of 246 m V  compared to the s tandard mercu ry /mercu r i c -  
oxide re ference  electrode (well consistent with l i t e r a tu re  data) over a period 
of ten days. 
initial immers ion  in 2N KOH. 
downward over 3 days to 150mV, below the potential for  equilibrium 
between AgaO and Ag (Eqn. 3 ) .  
The open circui t  potential change versus  t ime  with 
As a reference for  t ime-  
Peroxyni t ra te  e lectrodes showed potentials of 630 m V  upon 
The potential of one c rys ta l  drifted steadily 
Ag2O t 2 ( =  t H a 0  -2Ag t 2 OH- Eqn. 3 
which is  246 m V ,  a s  mentioned above for  an actual Ago electrode. 
days, the potential r o s e  and decreased  f r o m  about 400mV after  9 days of 
immersion. 
peroxynitrate which however had received some brief cathodic t rea tment  
(total of 8 mA-min). The potential did not go below 490 m V  in this case.  
A third c rys t a l  was given intensive cathodic t reatment  in s teps  ranging 
f r o m  0. 1 to 100 m A  f o r  10 second intervals.  
was still decreasing slowly af ter  6 days in the region of 490 to 500 mV.  The 
theoretical  e. m. f. for the reaction 
After 3 
Drifting potential was also noted for  a second c rys t a l  of s i lver  
The potential of this c rys t a l  
6 
2Ag0 + 2 c -  t HZ0 -+AgaO t 20H- Eqn. 4 
is  (Hg/HgO reference)  478 m V  for  2N KOH. 
rneasur ements need to be cor re la ted  with surface composition of leached 
crystals .  Overpotential data  for alternating cathodic-anodic (discharge- 
charge)cycles  will  be the next a r e a  of study with the s i lver  oxide electrodes.  
The open-circuit  potential 
7 
2. Transpor t  P a r a m e t e r s  
2. 1 Battery Separator  Permeabi l i ty  
2 .1 .1  Permeat ion Apparatus 
The rotating disk permeabili ty apparatus M. Litt, W. G. Smith, [1 
Science 16'0 (1968) p. 201 has  been assembled. A n e w  base was con- 
strutted for  the rotating membrane  unit s o  that  the dr ive  and gear  box 
assembly a r e  mounted separately to reduce vibration. The unit is 
dr iven by a var iable  speed 0-3600 RPM Servotek motor ,  operating 
through a 25 to 1 Boston gear  reducer .  
belt dr ives  the rotating disk itself. 
1 -
A specially fabricated timing 
Since the unit had originally been designed to opera te  in dilute s a l t  
solutions, changes w e r e  necessa ry  to handle the highly concentrated caustic 
solutions to be used in this study. 
par t s  in contact with the solution w e r e  replaced by alkali  impervious 
mater ia l s .  
chemical concentration gradient as the driving force.  
using potassium chloride solutions are  proceeding a t  the present.  
design for  incorporating electrodes in the permeat ion chambers  to allow 
an electrochemical gradient a c r o s s  the sys t em is now being prepared. 
Al l  "0"rings and other non-Plexiglas 
The unit is now complete and ready to run  using a passive 
Calibration studies 
A 
2 .1 .2  Zinc Analysis 
The precis ion of permeabili ty measurement  is directly re la ted to the 
precis ion of analysis for  zinc ( a s  zincate in hydroxide solution). 
l iminary investigations w e r e  made to establish the sensitivity and the accuracy 
of atomic absorption spectrophotometry as  an analytical method for  Zn 
determination. 
analyzed in a Beekman 440 AA unit. The resu l t s  w e r e  found to ag ree  with 
the actual concentration of Zn to within 2 %  over the range 910 to 3270 ppm 
Zn (5 samples) .  
of distilled water  and 0. 2 N KOH. 
Some p re -  
Tes t  solutions of zincate in KOH (reported as  ppm Zn) w e r e  
Null readings w e r e  obtained for  blank background samples  
8 
The calibration curve  ("peak height-absorption" vs concentration) 
was found to be near ly  l inear  in the range 0 - 2.5 x 103pprn but the slope 
of the curve  beyond this concentration decreases ,  becoming near ly  paral le l  to 
the concentration axis. With the single beam 440AA, the calibration curve 
was not s table  over a long period of t ime. 
redetermination of the calibration curve.  
Each new observation required 
2. 2 Electrolyte Diffusivity 
2. 2 . 1  Capillary Method 
The capillary method Anderson, J. S. ,  and K. Saddingtan, J. Chem. [ 
Sac., S 381 (1949) of measuring diffusivity, D, in liquid sys tems has been 
widely used fo r  the last 20 years .  The var ious difficulties encountered in 
translating the mathematical  boundary conditions into actual prac t ice  have 
been well-documented in the l i t e ra ture . '  Richards,  S. R . ,  L. Nanis, and 
J. O'M. Bockris, Rev. Sci. Inst.,  - 36, 5 (1964)]  
1 
[ 
Difficulties a r i s e  when an attempt i s  made  to enforce the boundary 
condition of constant concentration a t  the open end of the capillary. This 
i s  done by removing the ma te r i a l  diffusing out of the open end of the tube 
by convective t ransport .  Removal by convective t ranspor t  has  led in the 
past  to the so-called 
value of D. 
" A 1  ' I  effect and consequent e r r o r s  in the calculated 
The present  approach has been to build a diffusivity measurement  
apparatus,  which would not introduce "A R ' '  e r r o r s .  
(loc. cit. ) revealed that the A R  - e r r o r  was pr imar i ly  a function of the 
Reynolds number based on internal radius  a s  the charac te r i s t ic  dimension 
of the tube and velocity of flow over the open end of the capillary. 
apparent that  the ' A R '  effect e r r o r s  can be reduced by decreasing the 
velocity of flow and also the charac te r i s t ic  dimension of the tube. 
The study by Richards 
It is 
2 .2 .2  Reduction in Capillary Dimension 
The usual prac t ice  is to use  a capi l lary about 3 c m  long with a 
c i rcu lar  bore of lmm diam. The volume of the t e s t  solution contained in 
9 
the tube is  thus approximately= 0. 023 cc. 
smal l  volume, any reduction in i ts  magn'itude by decreasing the diameter  
of the bore would cause  ser ious  difficulties in measuring the concentration 
change result ing f rom diifusion. It would appear that i t  might be possible 
to compensate for  d e c r e a s e  in d iameter  by an inc rease  in the length of the 
capillary.  . However, in o r d e r  to achieve the s a m e  relat ive concentration 
change in the lengthened capillary the duration of the experiment has to be 
increased a s  the square  of the squa re  of the length. 
to design capi l lar ies  which would have a length s imi l a r  to that of a con- 
ventional capillary,  a charac te r i s t ic  dimension sma l l e r  than the charac te r i s t ic  
dimension (i. d. ) of a conventional capillary,  and an outer dimension g rea t e r  
than the bore diameter  of a conventional capillary. 
Since this is already a very  
It was therefore  decided 
A working design was  evolved f o r  capi l lar ies  with rectangular bores 
(0 .5mm x lmm) made  of the acry l ic  plast ic  plexiglass which was  found to 
withstand the cor ros ive  effects of concentrated KOH ve ry  well. 
s ide is kept perpendicular to the direct ion of flow. 
of the bore will be of advantage for  photographic studies of dye s t reaming 
to check fo r  the existence of O R  effect. 
The 0. 5mm 
The rectangular design 
2 .2 .3  Measurement  of Capillary Dimensions 
The capillary bore volume was measu red  by filling the capillary with 
The other dimensions of the bore mercu ry  and weighing the Hg required . 
were  measured  under a microscope  with a 6x magnification. 
to m e a s u r e  the uniformity of the bore a t  the end of the experiment by 
measuring the c r o s s  sectional a r e a  of the bore a t  various lengths. 
check i s  being made  by filling the capillary to different lengths. 
It i s  planned 
A rough 
2.2.4 Reduction in the Velocity of Flow 
The Einstein-Smoluchowski equation can be used to calculate the 
minimum velocity of convective t ranspor t  to avoid the accumulation of 
mater ia l  diffusing out of the capillary at  the open end. 
shows this to be about 10  
A typical es t imate  
This es t imate  is  a t  l ea s t  €our o r d e r s  
- 4  
cm/sec .  
10 
magnitude lower than the rangc: recommended in the l i terature .  
therefore  decided to design the apparatus in such a way that velocities 
in the o r d e r  of 10-3cm/sec could be achieved. 
capillary studies,  a cascade of weired dams was built of Plexiglas with the 
overflow of one pool entering the next lower pool. 
liquid f r o m  one pool to the next is achieved by using the wick effect of 
nylon threads.  
has  shown that velocities in the range of 10 
was found that because of the non-wettability of the plastic wei rs ,  the head 
required to s t a r t  the flow was considerable.  
thread insures  a ve ry  slow constant flow. 
permi t  a nitrogen atmosphere to flow above the pools to minimize CO 
absorption and carbonate formation. 
It was 
F o r  multiple simultaneous 
Control of the flow of 
Study of the movement of lycopodium powder in the pool 
It 
-3 
c m / s e c  can be attained. 
However, the u s e  of nylon 
A cover has been designed to 
2 
2. 2. 5 Capillary Wetting 
Non-wettability of the plastic produced a ser ious problem a s  the 
solution level  was ra i sed  to the open end of the capillary. 
effects permit ted the pool level to r i s e  above the upper mos t  surface of 
capillary. 
break up of this surface effect the result ing scooping up of the t e s t  solution 
f rom the mouth of the capillary would have defeated the very purpose of the 
slow flow (Sec. 2. 2.4).  
section of the capillary with a ve ry  thin layer  of platinum paint. 
was improved by baking the painted sur face  at  120°C. 
thin enough not to in te r fe re  with visual observations. 
of such a metal l ic  paint w e r e  found to be excellent. 
Surface tension 
Very grea t  flow velocity was  observed that a t  the instant of the 
The problem was overcome by coating the top 
Bonding 
The P t  coating was 
The wetting propert ies  
11 
